ABSTRACT Grid synchronization is one of the critical techniques used in grid-connected systems, such as distributed generation, energy storage, and harmonic compensation equipment. To acquire efficient grid-connection or harmonic compensation performance, the accurate and real-time information of phase, frequency and amplitude is required, especially when the grid voltage contains disturbed or other unexpected components. According to different application fields, two kinds of phase-locking structures exist-singleand three-phase phase-locked loop (PLL), which are not cross compatible. In this paper, a novel unified digital PLL with multiple complex resonators for both single-and three-phase systems is proposed. First, single-phase and three-phase voltage signal is transformed uniformly to a similar complex form that consists of positive and negative sequence components rotating in counterclockwise and clockwise directions, respectively. Then, synchronous rotating frame PLL with a generalized prefilter is introduced. The proposed filtering structure consists of multiple complex resonators that can filter out harmonic frequency components and maintain fundamental positive sequence components accurately. Furthermore, a simplified structure of the complex resonator for single-phase system and an operation method for resonant factor are introduced. Finally, the validity and effectiveness of the proposed method are proven by the simulated and experimental results of a three-phase four-leg shunt active power filter.
I. INTRODUCTION
Grid synchronization plays an important role in power conversion systems, such as distributed generation systems, active power filters (APF), dynamic voltage restorers, and static var generators (SVG) [1] - [12] , as shown in Fig. 1 . Generally, there exist two types of grid synchronization strategies: open-loop and closed-loop [10] . The former, such as zero-crossing detection [13] and the direct filtering algorithm (DFT [14] ), obtains phase information directly by electrical measurement and operation, which is susceptible to disturbances and has poor frequency adaptive abilities. By contrast, the latter, phase-locked loop (PLL), is the most effective grid synchronization method [15] . For the three-phase system, as the most widely used grid synchronization method, synchronous rotating frame phaselocked loop (SRF-PLL) has a fast dynamic performance and steady-state precision [11] , [12] , [16] - [19] , even under frequency fluctuation and sag/swells conditions. However, the tracking performance of SRF-PLL will be affected when the grid voltage contains unbalanced or/and distorted components, which limits its application.
To overcome the above problem, improved grid synchronization techniques have been proposed in the past few decades, such as SRF-PLL based on the symmetrical component method [20] , DDSRF-PLL [15] , [21] , [22] , and DSOGI-PLL [23] , [24] . These methods have yet to see wide scale application due to their complicated structure and operation. Furthermore, for the single-phase system, considering it involves the stationary αβ frame and rotating dq frame, SRF-PLL cannot be applied to single-phase grid synchronization directly. Virtual orthogonal component methods are presented in [25] . However, these will increase the algorithm complexity.
In this paper, a new unified digital PLL with multiple complex resonators for both single-and three-phase systems is proposed. First, the single-phase and three-phase voltage signal is transformed uniformly to complex form. And from the perspective of the generalized frequency domain, a conclusion is obtained that the complex periodic signal (singe-and three-phase) consists of positive and negative sequence components rotating in counterclockwise and clockwise directions, respectively. Then, SRF-PLL with a generalized prefilter is introduced. The proposed filtering structure consists of multiple complex resonators, which can filter out harmonic frequency components and maintain fundamental positive sequence components accurately. Furthermore, the simplified structure of the complex resonator for a single-phase system and an operation method for resonant factor is introduced. Finally, the proposed unified digital PLL based on multiple complex resonators is verified in the MATLAB Simulink system and experimental three-phase four-leg shunt active power filter (3P4L-SAPF) platform.
II. COMPLEX UNIFICATION AND GENERALIZED FREQUENCY DOMAIN ANALYSIS
SRF-PLL can be effectively used for grid synchronization in three-phase systems, even when variable frequency and sag/swells exist in the grid voltage. However, under unbalanced and distorted conditions, it is difficult to achieve satisfactory tracking performance. In addition, as mentioned in section I, SRF-PLL cannot be applied to single-phase grid synchronization directly. In this section, from the generalized frequency domain perspective, three-phase and singe-phase voltage signal is transformed uniformly to a similar complex form, and frequency domain analysis will be given, which will provide theoretical support for implementing unified digital PLL in section III and IV. For a three-phase system, the input grid voltage (E ab , E bc and E ca ) can be divided into positive and negative sequence components through (1) , shown at the bottom of the next page, where ω n = nω, ω −n = −nω, and ω represents the fundamental angular frequency. θ n and θ −n are the initial phase angles of the positive and negative sequences, respectively. As shown in Fig. 2 , through CLARK transformation, E ab , E bc and E ca can be transformed to the complex form through (2):
Through combination of (1) and (2), the three-phase signal in the stationary αβ frame can be written as
For a single-phase system, the input voltage E is
By constructing − − → E (t) = 2E (t) + j0 as shown in Fig. 2 , the complex form of E can be expressed in form of
VOLUME 5, 2017 Obviously, as shown in (3) and (6), through complex domain decomposition in the stationary αβ frame, singleand three-phase input signals have the similar complex form. The following conclusions can be drawn: 1) By transforming single-phase and three-phase voltage signals to complex form, periodic signals can be divided into positive and negative sequence components rotating in counterclockwise and clockwise directions, respectively. 2) The essence of PLL is to extract fundamental positive sequence components (+1 st order) from the input signals and output amplitude (E 1 ), phase angle (θ 1 ), and angle frequency (ω 1 ), as shown in Fig. 3 .
III. SRF-PLL AND GENERALIZED PRE-FILTER
In section II, single-and three-phase grid voltage is transformed to a similar complex form containing positive and negative sequences, which provides the possibility of the implementation of unified digital PLL for both single-and three-phase systems. In this section, the basic principle of PLL and its continuous, digital and equivalent models will be introduced. In addition, two kinds of pre-filters for harmonic components are presented.
A. SRF-PLL
As shown in Fig. 3 , the fundamental positive component − → E 1 rotates in a counterclockwise direction in the stationary αβ frame. E 1 , θ 1 and ω 1 should be obtained for realizing grid synchronization, which can be calculated, respectively, by E 1 = E 2 1α + E 2 1β , tanθ 1 = E 1β /E 1α , and dθ 1 /dt = ω 1 . However, division, arctangent and derivative operations are difficult to realize in DSP. Additionally, the anti-disturbance performance of this method is not excellent. As an alternative, PLL is widely used as a closed-loop grid synchronization method. As shown in Fig. 4 , virtual rotation complex − → DQ is performed for tracking the fundamental positive component − → E 1 . The phase angle difference of − → DQ and − → E 1 is used for regulating the angular frequency of − → DQ, which can be obtained by phase detector (PD) unit. Due to the coupling relationship between θ and ω of θ = θ + t 0 ωdt, θ can be adjusted to zero, which means − → DQ is in sync with − → E 1 accurately. Fig. 5 shows continuous, digital and equivalent models of PLL based on PD. The regulator
In the equivalent model, the input is the initial deviations ω and θ , and the output is real-time deviations ω and θ .
Here,
where
Equations (7) and (8) represent the tracking performance of the angle frequency and phase angle of PLL, respectively. The essence of SRF-PLL, as shown in Fig. 6 , is that the PD unit outputs the projection of the normalized fundamental component along the vertical axis of the virtual rotating component.
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B. TWO KINDS OF GENERALIZED PRE-FILTERS
As mentioned above, the single-and three-phase periodic signal can be divided into positive and negative sequence components rotating in counterclockwise and clockwise directions, respectively. And the object of grid synchronization is the fundamental positive sequence component − → E 1 . Under sag/swells and variable frequency conditions, SRF-PLL shows excellent tracking performance. However, when an unbalanced and distorted component exists in the input voltage signal, the preprocessing of filtering unexpected frequency components is necessary. Two kinds of filtering schemes, an outer generalized filter and an inner generalized filter, are shown in Fig. 7 . The former extracts the +1 st order component, and the latter extracts the dc component from the PD unit. The two structures are approximately equivalent, and the former is adopted as the pre-filter in this paper.
IV. UNIFIED DIGITAL PLL WITH MULTIPLE COMPLEX RESONATORS
The above two sections have introduced the unification of two kinds of signals and the establishment of the SRF-PLL model. In this section, the practical implementation form of unified digital PLL with multiple complex resonators, the simplified calculation method of resonant factor (RF), and the simplified structure of complex resonator for single-phase system will be introduced. 
A. COMPLEX RESONATOR
The resonator has been presented in [11] , [17] , and [26] , as in (9) . It can be divided into two complex resonators: K /(s − jω), corresponding to the −1 st and +1 st complex resonator, respectively. The corresponding frequency response analysis is shown in Fig. 8 .
According to the frequency-shift principle, when the firstorder complex integrator is G(s) = K /s, there is G(s − jω) = K /(s − jω). For digitization, three types of implementation of K /s can be considered as follows: 1) forward integrator,
. However, an algebraic loop will exist in the closed-loop system consisted of 2 or 3. Therefore, the forward integrator is adopted in this paper, and Fig. 9 shows the structure of the proposed digital complex resonator. Here,
where − → RF = e −RT s e jω resTs represents the resonant factor of the digital complex resonator; T s is the sampling period; e −RT s VOLUME 5, 2017 is the amplitude of the resonant factor; R is the damping coefficient; ω res T s is the phase angle of the resonant factor; and ω res represents the resonant frequency.
For a three-phase system, the selection of digital complex resonators depends on the input signal. Generally, −1 st , −5 th , +7 th . . . harmonic components exist in the distorted grid voltage. However, for a single-phase system, all frequency resonators should be coupled as shown in Fig. 10(a) . It can be found that the operation results at P and N are conjugate. Therefore, the simplified structure could be presented as shown in Fig. 10 (b) , which will lead to a fewer operation.
The calculation of RF is the core of the pre-filter considering e jϕ res (ϕ res = ω res T s ) is involved. Equation (13) is the precise calculation expression. However, sine and cosine will occupy significant processor time and memory resources of the DSP. To simplify the operation, Taylor expansion is adopted as (14) . e jϕ res = cos ϕ res + j sin ϕ res (13)
The above process only includes multiplication and addition operations. The approximate resonant factor can be obtained through selective k-order calculation, which will produce a resonant angular frequency deviation ω res ( ϕ = ϕ res − ϕ res , ω res = ω res − ω res = ϕ/T s ). The relationship between k and ϕ res is shown in Fig. 11 . When k is increasing, the deviation decreases. However, a larger k means a larger amount of computation. Therefore, a compromise should be made according to the input signal.
B. UNIFIED PLL STRUCTURE WITH MULTIPLE COMPLEX RESONATORS
The proposed unified PLL with multiple complex resonators is shown in Fig. 12 . The pre-filter removes the unexpected components, which will mitigate the influence of unbalanced and distorted components on the tracking performance of PLL.
The closed-loop transfer function of the structure in Fig. 9 can be written as
Substituting z = e jωT s into (12) and (15), and setting θ = (ω − ω res )T s as the variable, the unified form of the open-and closed-loop transfer function of the complex resonator can be obtained respectively:
G(z)| z=e jωTs =
KT s e RT s e j θ − 1 (16) H (z)| z=e jωTs = KT s e RT s e j θ − 1 + KT s (17) Fig . 13 is the frequency response according to (16) and (17) . When θ = 0, the maximum value of the open-loop gain amplitude is KT s /(e RT s − 1) . When R=0, the gain amplitude is infinite. In Fig. 13 (b) , when θ = 0, the closed-loop gain amplitude is 0 dB, which means accurate tracking of PLL. The gain phase angle change is divided into two situations: 1) when R ≥ 0, the phase angle decreases from π to −π at [−π , π]; 2) when R < 0, the phase angle changes irregularly. Fig. 14 shows the output response diagram when the digital complex resonator receives a resonance frequency component. It can be found that the amplitude and the phase are increasing, which results from the effect of the complex resonator on the resonance frequency signal. Fig. 15 and Fig. 16 show the frequency response of the open-and closed-loop structures with the multiple complex resonators respectively. The gain amplitude reaches its maximum at the resonant frequency (as shown in Fig. 15(a) and (b) ), which leads to an accurate tracking for fundamental positive sequence components and filtering for unexpected components (as shown in Fig.16 (a) ). In addition, it can be found from Fig.15 (a) and (b) that the amplitude margin and phase margin are both greater than 1, which means that the closed-loop system has a good stability. 
V. SIMULATION AND EXPERIMENTAL RESULTS
To verify the validity and rationality of the proposed unified digital PLL, a MATLAB/Simulink model and an experimental SAPF platform were established. As mentioned above, SRF-PLL shows excellent tracking performance under sag/swells and variable frequency conditions. Therefore, distorted condition should be specially considered. In the APF application, PLL plays a crucial role in harmonic compensation performance. Specifically, phase angle relates to generating reference current and PARK transformation. And angular frequency relates to generating resonant frequency of the proportional-resonant (PR) controller. Therefore, PLL directly affects the dc voltage control, harmonic detection and current loop. In addition, a better compensation result can also reflect the tracking performance of PLL. In this section, the simulation verification focuses on the tracking performance of amplitude, phase angle and frequency, and the experimental verification focuses on the tracking results, which can be reflected by harmonic compensation performance. As shown in Fig. 17 and Fig. 18 , the simulation and experimental platform adopts a threephase four-leg structure, which can easily switch between a three-phase system and a single-phase system. The singlephase grid synchronization experiments can be implemented by cutting off B and C phases and keeping A and N phase in connection. The key parameters of the simulation and experimental system are given in Table 1 . The resistances R L and capacitances C L are series-parallel connected as harmonic loads.
A. THREE-PHASE SYSTEM
As shown in Fig. 19 , the input voltage contains unbalanced and distorted components. It can be found that the fundamental negative sequence component (−1 st ) and harmonic components (n th , n = +1) have been effectively filtered. In addition, when the input voltage changes, the adjustment time of PLL is less than the fundamental cycle, which shows excellent dynamic performance.
PLL plays a crucial role in the current control strategy because the angular frequency and phase information is required in coordinate transformations. Under the ideal grid voltage condition, the compensation effect of harmonic current is shown in Fig. 20 . Obviously, harmonic and reactive currents have been filtered effectively. When the distorted component exists, grid synchronization and harmonic current loop will be seriously affected. And the steady-state compensation result is shown in Fig. 21 . It can be found that the tracking performance of the proposed PLL with multiple complex resonators is not affected by the distorted components in the grid voltage. And such a conclusion can be drawn from the excellent harmonic compensation results.
B. SINGLE-PHASE SYSTEM
The proposed unified digital PLL can be applied directly to the grid synchronization of a single-phase system. As shown in Fig. 22 , the grid synchronization of a single-phase system is similar to that of a three-phase system, which shows an excellent tracking performance in both static and dynamic conditions. The same conclusion can be obtained from the experimental results, as shown in Fig. 23 .
VI. CONCLUSIONS
This paper presents a new unified digital PLL for single-and three-phase systems. It has the advantage of simple operation and generality for different kinds of grid-connected systems. The single-and three-phase voltage signal is transformed uniformly to a similar complex form that consists of positive and negative sequence components rotating in counterclockwise and clockwise directions, respectively. And synchronous rotating frame PLL with multiple complex resonators is introduced. Finally, the performance of the proposed unified digital PLL is verified in the MATLAB/ Simulink system and experimental 3P4L shunt APF platform.
